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Background: Thermal Inertia 

•  Thermal inertia (TI) is a 
physical parameter describing 
the tendency of a material to 
resist changes in temperature 
(formally: √kρcp) 

•  Dust and sand = low TI, rocks 
and densely packed grains = 
high TI  

•  Orbital remote sensing highly 
successful for determining TI 
on Mars; used for geology and 
landing site selection 

rock 

regolith 
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Rock Abundance & Regolith Temperature 

•  Use Diviner nighttime brightness 
temperatures at different wavelengths 
to separate surface rocks from regolith 

 
•  Two free parameters: 

1.  Rock concentration 
2.  Regolith temperature 

Bandfield(et(al.((2011)(
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the differences persist when comparing only coincident
pixels. 99.995% of measured surfaces have rock con-
centrations less than 0.20 and no pixels show rock fractions
above 0.70. Where low rock concentrations are present,
there is a clear decrease in retrieved rock concentration
throughout the lunar night (Figure 6) and rock concentra-
tions retrieved from observations acquired at local times
between 0430 and 0530 are only about 65% of those
acquired between 1930 and 2030. Distinct trends in average
rock concentration as a function of latitude are also present
in early evening retrievals, but are largely absent from pre‐
dawn measurements (Figure 7). There is no distinct latitu-
dinal trend present for surfaces with elevated rock fractions.
[24] Derived regolith temperatures have clear trends with

latitude and local time, as expected (Figure 8). Global
average regolith temperatures decrease from 103.6 K
between 1930 and 2030 to 90.1 K between 0430 and 0530.
Post‐sunset (1930–2030) temperatures decrease from ∼108 K
to 95 K between 0° and 60°N/S latitude, respectively. Pre‐
dawn (0430–0530) temperatures decrease from ∼94K to 83K
between 0° and 60°N/S latitude, respectively.

[25] Regolith temperatures and rock concentrations are
highly correlated within local regions. For example, craters
that display elevated rock concentrations also display ele-
vated regolith temperatures. However, distinct differences
are present in the spatial distribution of elevated rock con-
centrations and regolith temperatures. In many cases, ele-
vated regolith temperatures are present over the ejecta, rims,
walls, and floors of craters, whereas elevated rock con-
centrations are often absent from crater floors and distal
ejecta. Rock concentrations and regolith temperatures are
not coupled at the global level and regolith temperatures
have a strong dependence on latitude, local time, and local
slopes. Regolith temperatures over rock‐free regions show a
range of ∼40–110 K, indicating that isothermal and ani-
sothermal variations are cleanly separated by the Diviner
multispectral data.

3.2. Surface Units
[26] Several surface units can be distinguished based on

their regolith temperature and rock concentration values and
distributions as well as morphological characteristics
(Figure 4). These units include typical maria and highlands

Figure 4. (top) Rock concentration and (middle and bottom) regolith temperature maps. All maps cover
all longitudes and 60°N to 60°S and are resampled to 4 pixels per degree. The rock concentration map is
the average of the 10 maps shown in Figure 2 with the same color scale. The rock‐free regolith tem-
perature maps were composed by individually stretching the 10 local time images shown in Figure 3. In
addition the latitudinal gradient was removed from the bottom regolith temperature map to enhance local
variations. The large variations in regolith temperature due to latitude and local slopes are well‐separated
and not apparent in the rock concentration map.
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respectively for the King Crater central peak region dis-
cussed here. Despite such large proportions of the surface
predicted to be covered by blocks, the 10.3% coverage
predicted from the Diviner data set indicates the insensitivity
to these smaller block sizes. However, regolith temperatures
are also elevated relative to adjacent block‐free surfaces. It
is likely that the presence of smaller blocks are responsible
for these elevated temperatures. In this manner, larger
blocks primarily affect the Diviner rock concentration values
and smaller blocks likely have a more pronounced effect on
the derived regolith temperatures.

4.3. Comparisons With Radar Data Sets
[47] There is a general correlation between both radar data

sets and the rock concentration maps as would be expected

because the radar data sets are highly sensitive to the pres-
ence of rocks. Craters (such as Aristarchus, Kepler, Reiner,
and Copernicus craters) that show elevated rock concentra-
tions also have high values of CPR (Figures 14 and 15).
Where maria surfaces show rocky small craters, the radar data
also show increased values of CPR. Other regions, such as
Aristarchus Plateau, have low concentrations of rocks and
low values of CPR. In a general sense, both data sets are
in agreement and clearly distinguish rocky and rock‐free
regions.
[48] On closer inspection, significant differences in the

spatial patterns between the radar and rock concentration
data sets are clearly present. For example, the overall
rock concentrations in the Aristarchus crater region are
significantly higher than the concentrations present in the
Copernicus crater region. By contrast, CPR values are clearly
lower over Aristarchus than Copernicus. At the basic level,
the radar data could be used to interpret Copernicus crater as
rockier than Aristarchus crater and the opposite interpretation
would be made from the thermal data set. Rocky craters also
display distinctly elevated CPR values within ∼1 crater radius
outside the rim whereas Diviner derived rock concentration
values are only slightly elevated and are typically <1%.
[49] These differences are likely due to the depth of sen-

sitivity of the two methods. For dry lunar materials, radar
can penetrate to depths of roughly 10 times the wavelength
of the measurement [Campbell et al., 1997]; ∼1 and 7 m for
the MiniRF S‐band and Arecibo 70 cm data sets, respec-
tively. By contrast, the Diviner data are primarily influenced
by rocks present at the surface. In all but the most recently
formed craters, rocks at the surface will be broken down by
micrometeorite bombardment in the vacuum environment.
However, even shallowly buried rocks will be preserved and
detected by the radar while remaining undetected in the
thermal data. This difference in sensitivity shows that blocks
from crater ejecta and on crater floors are largely buried and
not commonly present at the surface.
[50] Many lunar craters are surrounded by a region of low

CPR values (referred to as “radar dark haloes”), which have
been hypothesized as being a mantle of relatively rock free
ejecta [Ghent et al., 2005; Ghent et al., 2008]. Similar
spatial patterns are present in the rock concentration data.
Although the thermal data are only sensitive to the near‐
surface materials, relatively young craters of various sizes
can be used to probe the nature of the subsurface materials.
These craters can expose rocky materials that would other-
wise remain buried and undetected in the thermal infrared
data.
[51] Smaller craters lack significant rock concentrations in

the radar dark halo regions, consistent with previous results
that indicate these are thick and relatively rock‐free layers of
ejecta. Immediately outside the radar dark halo regions
within the maria, small craters do commonly have elevated
rock abundances indicating that the rock‐free regolith is
significantly thinner in these regions.
[52] In addition, cold spots do not appear in either the

Arecibo or MiniRF data. This may indicate that they are a
relatively thin, near‐surface phenomenon. By contrast, dark
mantled deposits such as Aristarchus Plateau show both
uniformly low CPR and rock concentration values. This is
consistent with these deposits being relatively thick.

Figure 15. Rock concentration (top) and MiniRF S‐band
circular polarization ratio (CPR) image mosaic (bottom) of
Copernicus Crater (centered near 339.9°E, 9.6°N). The
LROC Wide‐angle Camera (WAC) global mosaic is used
for shading. Regions of high CPR values extend farther out-
side the crater rim than elevated rock concentration values.
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•  Large (100’s of crater radii) regions around some fresh craters are unusually 
cold at night 

•  400+ documented cases 
•  Cannot be ejecta due to volume of material required 
•  Current best hypothesis is in situ decompression of regolith due to turbulent 

vapor or scouring by ballistic particles (Bandfield et al., submitted, 2013) 

Diviner “Cold Spots” 
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Thermal Skin Depth 

zskin(=(√(2κ/ω)(
ΔT(∼(eNz/zskin&(



Eclipse cooling 



Eclipse cooling 



Eclipse cooling 
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Eclipse cooling 



Eclipse cooling 



Eclipse cooling 
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Eclipse Thermal Inertia 

Fresh,(rocky(craters(+(ejecta( •  Rocky spots have ~2x the average TI 
•  If rocks make up 1 – 5% of the area in 

“rocky” spots, and assuming linear mixing, 
then individual rocks have TI ~ 20 – 100x 
regolith 

•  If we believe the average TI ~ 15 SI units, 
then rocks have TI ~ 300 – 1500 units 



Best-fit Parameter Values 

Parameter Vasavada et al. (2012) Hayne et al. (2013) Constraints 

ρs, ρd 1300, 1800 kg/m3 1100, 1800 kg/m3 Apollo core 
samples (Carrier 
et al., 1975) 

ks, kd 6.0e-4, 7.0e-3 W/m/
K 

6.0e-4, 3.0e-3 W/m/
K 

Diviner nighttime 
temps 

χ 2.7 2.7 Latitude 
dependence of T 

Albedo: 
a,b 

0.045, 0.14 0.045, 0.14 LROC? Diviner 
solar? 

ε" 0.98 0.95 Diviner IR 
Q 16 mW/m2 17 mW/m2 Apollo heat flow 
H 0.06 Variable; avg ~ 0.06 



ρ(z) = ρd − ρd − ρs( )e−z/H

H ≈ 9 cm 

H ≈ 6 cm 

Regolith Profile Fits: “H-parameter” 



‘H’ -> Thermal Inertia Conversion 



Applications: Regolith Formation 

•  Variations in H-parameter/thermal 
inertia indicate real differences in 
regolith density associated with 
geologic features 

•  Do these variations constrain 
models of regolith formation and 
evolution? 

•  See paper by R. Ghent (Geology, 
2014) 





Crater Evolution (Ghent et al., 2013) 

TI = 60 

TI = 90 



“H-parameter” 



Regolith Formation Models 

Gault et al. (1974) 
regolith gardening 
model calculates 
probability of overturn 
at each depth, after a 
certain period of time 
 
log(N) ~ -log(depth) 
! Expect exponential 
increase in density w/ 
depth if ‘overturn’ 
decreases density 



Crater Ages vs. Upper Regolith Thickness 

Giordano Bruno 

Byrgius-A 
Jackson 

Vavilov 

Ghent et al., Geology (2014) 

Model of Gault et al. (1974) 

Diviner H-parameter 



Sensitivity of Thermal Technique 

See Equation (15) of Gault et al. (1974) 

Eclipse 
cooling 

Diurnal 
cycle 



Global Thermal Inertia Map 

TI = 60 

TI = 70 



Lucey et al. (2000) 

OMAT 

Upper regolith thickness (H) 



Cold Spots 



Pyroclastic Deposits 
Rima Bode Oppenheimer 

Blue = 
fluffier/lower 
thermal 
inertia 



Summary 

•  Diviner data can be used to separate rock abundance from regolith thermal inertia 

•  Thermal inertia of upper ~10 cm of lunar regolith is very low (~60-70 SI) and uniform to 
within ~10% over the lunar surface 

•  A model with exponentially increasing density in the upper few cm of regolith is consistent 
with measured cooling curves 

•  Regolith thermal inertia is correlated with crater age (older = fluffier) 

•  Global regolith thermal inertia pattern correlated with optical maturity, but some intriguing 
differences 

•  Some pyroclastic deposits have low thermal inertia (grain size uniformity?) 

•  Thermal inertia maps are available for your region of interest! 

•  Slope effects are prominent and will be removed in a future version 

Part of this work was performed at the Jet Propulsion Laboratory, California Institute of Technology, under contract with the 
National Aeronautics and Space Administration 
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Model Regolith Properties 
•  Thermal conductivity: 

•  Density: 

•  Albedo: 

•  Radiative 
“conductivity”: 

kc z( ) = kd − kd − ks( )
ρd − ρ z( )
ρd − ρs

ρ(z) = ρd − ρd − ρs( )e−z/H

A(θ ) = A0 + a θ 45°( )3 + b θ 90°( )8

ktotal = kc 1+ χ T
350K
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Parameter Value Depth/location Latitude Reference 

Mean annual 
temperature 

216 (±5 K) Surface 20°N Keihm et al. (1973) 

“ 255-256 K 130 cm 20°N “ 

“ 251-252 K 100 cm 26°N “ 

Density 1100 kg/m3 ~0 cm 26°N Carrier et al. (1973) 

“ 1600 kg/m3 0-30 cm 26°N “ 

“ 1800-1900 kg/m3 30-60 cm 26°N “ 

H-parameter 0.04-0.1 m - 20-26°N 

Thermal 
conductivity 

0.9-1.5 x10-3 W/m/K 0-2 cm 20°N Keihm et al. (1973) 

“ 0.9-1.3 x10-2 W/m/K > 50 cm 20-26°N Langseth et al. 
(1976) 

“ 0.6 x10-3 W/m/K < 10 cm equatorial Jones et al. (1975) 

“ 0.6 x10-3 W/m/K ~0 cm equatorial Vasavada et al. 
(2012) 

“ 7.0 x10-3 W/m/K ~1 m equatorial “ 

Thermal diffusivity 
(k/ρc) 

0.4-1.0 x10-8 m2/s 0-2 m 20-26°N Langseth et al. 
(1976) 

Radiative 
“conductivity” (χ) 

1.0 – 3.0 0-2 m Low latitude various 

To be added: microwave observations (temperatures at depth) 
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Radiative Conductivity: The “Chi” Parameter 

--> Chi ~ 2.7 



Latitude Dependence of Model Fits 



User Guide 

•  H-parameter maps can be easily 
generated for your region of 
interest! 

•  Feel free to use this tool, but check 
with me for the latest version and 
updates often 



Weschler et al. 1972 



Density-conductivity relationships 


